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NATIOHAL ADVISORY COMMITTEE FOR ABRONAUTICS

ADVAKCE RESTRICTED REPORT

TESTS OF EXFAUST PROPUISION WOZZLES

By Paul Je Campbell

The thrust produced by a variety of exhaust stacks and
nozzles, and the effcct of these stoocks and nozzles on the powax
of a single~cylinder R-2800 engine werc investigated over a wide
range of engine speeds and manifold DLQ‘GUPGS in a series of
tests in the Pratt &'Whitney experimental tost department. From
the datu obtained it is peo 1blp to estimate the ovtimum form of
nozzles and the available th ust for airplanes fitted with R-2800
engines under sea~lovel conditionsa

APPARATYS

The apparatus is shown in figure l. The mean thrust of the
exhaust gas on the engine vas measured indirectly as o force in
the opposite direction against a swinging target. The mean foree
against the tar@ t was balanced by pos1bloa¢ng a welght on a
horizontal arn, keycd to the shaft fron which the target vas sus-
pended. The position of the weight was thus & measure of the
thruste The target ond arm were supported on ball bearings.

The target was designed on the basis of previous experience
with targets on compressed air nozzles. Unless the jet is dis-
persed witihin the target, the entire flow tends to leave ot the
rear, and air is actually dravm in through the romaining spaces,
causing the target to indicate more than the true rcaction. To
avoid this error, the target was provided with an internal cup=
shape bafflc as shovm in figure l. Calibrations with compressed
ailr over a range of flows from zero to morc than three times the
maximun engine exhaust flow proved that the design was satisface
tory. later, cbservations of flamcs loaving ths target indicatcd
that gases loft the target uniformly
angles to ite




ro

The target was enclosed in a 206-cubic~foot vmtor-jacketod
Chamber,'wnorv the exhauszt gas was cooled by sprays of water
before being discharged throusgh the roors Tha top of this
chawber was provided with ways so that the target could be
located at various distunces from the cvlindere

The testing wes donc on the S«1¢ 2800 single-cylinder engine,
mounted on the Y=42 e<decu ‘ront dynomoneters Hagline parts of
particular importance to those were as follows:

Cylinder 57708 Bomipal timinz of cam:
iston 34254 und 37981 ogeus 20° B.TWCo
Y ra v ( 1
arm 363 closcs 760 AeBoCoa

Ve .
Bxitweust opons 750 BeBaCo
Compression ratio was €67 Exbaust closes 200 A4.T.Ce
Spark edvance was 200

Bugine accessoriecs were simiinr to thos e *sual?y-used for
singlw-uyllncer testing by Pratt & 3 1cno' ombustion air was

supplied from the facbory compressors ro“"E a roducing valve,
a Koobts metor, and an eloetric hesbers MFucl and waber cousumption
were measured by rothmebers.

The exhaust noznles wore machinsd of steels The various
shapss of exhaust stucks were built un from sheot stecl and
steel tubinge These are all shown in Tigure 2. The entrance of
all stacks and nozzles was the sume dismeter ws the exhoust
port of the cylinder. The aroa of this port was 4,67 sguare inchase
METHOD

In order to find whother the tarzet would mcasure accurately
the thrust due to a jet, it was first calibroted with o cone
Tinuvous jet of air. Bobth the Jntago and the exhonst velves werc
blocked open and, with th R not rumning, air vwas blown
through the cylinder and nozzlc into the targets. Tempoeraturc
and total pressure were mensurcd in tho ripe ahoad of the nozzlo.
From those measurements and the flow ol aip through the Roots
mober, it wes possible to caleulate tho thruat of the jote I%
was found that t} indicated by the target was cbout 95

ocrecent of theo No mothci Vs dx«LluDlC for making
a sinilor check iscontinuous flow, so that ih wos ncceossary
to assume that the ﬁargot would indicute the menn of a pulsating

forec with equal a CoUracya



When malking the tests, the engine was run at constant speed

and thoe inbakeenort pressurc was varied from 30 inches of meroury
absolute to the detonation limit for pursuit grade fuels Con=-
ditions of operation were as follows: '
Enginz spced, r'DM ¢ o o o o o o o o « & 1500 2550 2700
Fuel-ziy ratio o o # 3 © o s o 5 e o e 0,0()S 03085 00085
Intaks-air tempernture, ©OF & ¢ o « o o 200 200 200
Rear spark-plug tomperature, OF « o o 450 500 500

The tests coverud @ peried from July 25, to November 10, 1942,

Thrust ageinst Wozzle &rea and Stock Length

The exhaust gus Lhruets for verious combirations of nozzles
and straight exhoust stacl hawﬂ in figures 3 to 12. These
cCUrves cover a rango of : 1500 to 2700 rpm, and o
range of intoke~port pressurcs om 30 to 57 inchos of mercury
2bsolutce

Tv is apparent from these figures that the thruﬂ may be
increased by roducing the exit ares of the nozzles Howover, 1if
the nozzle arca is made extremely small, the thrus mey be

I3

deereasced because of reduced air consumption of the engince

Thisg « wter 4t high cengine power and does not apveor
(% > PR

at all at 1500 rpme

The thrust is more sensitive to variations of nozzle arca
on the exhoust pipe is 5norto For examnple, compare ilgures 3
exd 8 for pipe lengtis of 14 und 0 inches, respsctivelys. I
the pipe exit is not rostricted (4.67 sq. 1Pa), the long pipe
produccs u grealter thruste As the exit aren is dﬂcr@aond, the
thrust of the long inercases very little and finally falls

of f at an exit aren of 1 square inche The thrust of the short
nipe, however, increases ranidly 2s tihce erit area is deercased
and rises above the thrust of the long pivce This trend is showm
diff'crontly os curves of thrust stock length in fiszures
11 and 12. Herc it is apparendt nercasging the sback length




causes wuo inerease in thrust 1f the exit arca is large - a
decrcese in thrust if the oxit arca is smull.

Engince Power ageinst Nozzle Arca and Stack Length

o

Figures 3 to 12 also contailn plots of engine powere It is
evident thot whon the nozzle area is reduced below a certain
value; a scrious loss of enginc power results. This eritiecal
value of nozzlc area deponds on the enginc speed and intokoe
port pressure and, probably, on the back pressurce At 1500 rpm
and 30 inches of nbrourv intoke=port pressurc (figee. 5 and 10),
the criticeal arca is evidently less than 1 square incha At
2550 rpom and 30 inches of morcury (figse 4, 7, and 9) tho
criticnl area is aboubt 3 sgu
however, is the fact that for running at 2700 rpm at intake-port
pressures chove 40 inches of nmcrcury, the critical areca is
evidently grecter than the aren of the warestricted stack (figse
3, 6, and 8), AL these valuos of ongine power, any reduction
whatever of oxit arca causcs anpreciabls power losse

The effect of oxit aren on power is also related to the
length of pipe botween the cylinder and nozzle, In figures 11
and 12, the following trerds may bo obsorved: If the exit is
not r‘"+r10twu, the lungth ol pipe (up to 50 ine) has no effcct
on powere ithen the oxilt arcs is modorately reduced, thore is a
ceritical lengbh of vine above which power drons ropidlys. This
critical length is muoch wors anparent when engine power is highe
L the exib arecs is made oxbremely snzll, the c¢ffoct of longth

is reversed; that is, power incrcascs wmbh increasing lengths

Tests of Various Shapos of Stacks

In addition to straight stecks with nozzlus ot the xit, a

o

<
nwaber of other shapoes werce tes
Branched sbtockses = It 1s usunlly impossiblc in an airplonc
to provide os many oxhaust oublots as thore are cvlinders,
Conscquentliy, t is customary Yo conncet the exhaust pipes from
alternately discharging cylinders inte o common outlots To
simulatc this pracfice, teste wore mode of o number of branched

1pes to determine their offsct on power and thruste Theso

n} [

)

o

Ky
pipes arc shown in figure 2. Tho added brunches were closced at

the cond to simulate the closed oxhaust valve of tho alternately

cre inchese Of particular importance,



Ut

My

discharging cylinders he results are shown in figure 13. The
effect on thrust vmas nerligibles. The effect on power, however,
was a slight, but cousistent increase for stacks 2 and 3¢ TVhen
the branched stacks were replaced with a short single stack the
power dropned back to its original values = There is apparently
some quality about branched vipes which gives a slight power
increases It mey bs thet a column of gas is compressed in the
branch durirg the {irst part of the dizcharge peoriod, which
later acts as the primary {luid in an ejector to suck gas out
of the cylinder during tha latter vart of the periode Whether
or not the presence of an albernately discharging cylinder would
change the resu ts is uot mowne There can be little doubt that
bled w

tirust would two nonoveorlapping cylinders are
connected to ons At lenct, it secms likely that branched
stacks atbached to nenoverlanving oylinders of unvong‘ne‘would
not be det to power or to thruste

Long restrictionss = An exhaust pipe, resbricbed for most

of its lengbth, has bsen recosmended as flarme suppressora

Although fleme observations in this apnarntus were meaningless
a of the prqsence of the turget, two of this type of pipo

o

ifeot on thrust and powvers, These pilpes
In each, the restricobion extended from
om the cylinder o the exit, £0 inches
resulbs ere shovn in figure 14 The
ahort the same as the effect of a nozzle of
Lo Z2addeinch-diamcter pipee The
incroased appreciablys This increase does
it was observed consistently over a wide

DITCS3UYCSe

pipe

.

Ce = On many of the Rolls-Royce installations
the exhaust gns pesses through an eunlarged chamber before enterw
ing the nozzloge. A similar arrangement was tested in this
apparstus. 4 wos mede in the form of a gradually expsnding
Sp0t¢on, followed by the nozzles ize 2¢) The rcsults are
shown in figure 12s The eifcet on 18t vas ncvliglh¢e. The
nower, however, arpeors to have been i sascde

ioter injcobtione = The offcct on thrust of
into the intalke “me debermincd for one of the
nozzlese Aater WS '“jacted contimiously into

throug o rate equal Lo 35 wperce qt of the fucl
rates Cions wers not uua”red. The rasults

QYC BrowWiL

he soon that the addition of




auscd a slight loss of power, at the samc manifold
sure, and a slight incrsasc in thrust. The thrust obtalined

is run was romarkably high, reaching a maximum of 29 peunds
at trhe detonation limite The increasc in thrust we

than the increasc in moss flow, due to the ~ddition of -miore

L2

&
¥
>
t*‘
J

SCUSSION

Scloction of nczzle gizce = HBrhavst nozzles should be

L the toeal thru sr delivered by the propsllor
and exhaust 2w O MAXLINUMe duosizn condition will usually
be lovel 21lixht at eoritical altit at normel or military ﬁowcra
naiderasd, it will often

If only tlhis ono flight oorliti
i powcr, to resbriet th

anpear degirahlo aiell !
thrust at the sacrifiice or

L s o
exit in order to guin in cmhou
little or no propellor povicra
if the nozzle arsch is chosen on this basis, the
arcee ey bo scriously impeired ot lower speods
ot militacy power, such as in take-ofl? and climbe Thoroforo
’ Lo compronis iy

5
oo in the arca of the nozzlese These
thist the bost cospromise will usvally be no

0

21
cF e

e g i

restric 2 whabever at the sbaelr cxite Thic conclusion is
narticu applicable to long nust staclks, where the goin
in ©h du g roduction of arcu could not offset the loss
of ergine povcer at military rating, coven at high speecd,

Pover inecroasc due to erxhaust thruste = The power which the

cxnnust~ 1‘ihrnsn delivers to the airplarc is simply the product
C : ! rplanc velocitys For example, an

PRERAIEE: tuok 20 inches long produces a thrust of 15,6
vounds at sen level at military vower {fige. &), or 280 pounds
for the multicylindcer engine. At 400 milces ver hour, this thrust
would nroduce 300 horscpowere. Ho onginc power has beeon lost,

300 horescenowers 1T
and the congine is delivering
percents MMuch greatoer gains

O

gt

Uil L

9]

:)

so that the net gein
rropcllor efficiency
2000 horscpower

s, Lho

mayr hae cxpecbod ~f o ltitudos



Baclk Pressurc

The cxhnust back pressure, as measured by a manometer con-
nzeted to an exhaust pipe near a cylinder, has been ussd as a
stardard in the design of collectors and for comporing enginc-
powor lossese. Therce are two reasons why this roasuremernt should
not Ho useds First, it is goenerally impessible to measurce the

mear of 2 rapidly verying oressurs with o manomctere - In vrevious
csts made by the United Alrcraft Corporation {Rope k=54, Febe
1941), a manometer mecsurcnent of rignn cxhaust prossurc was
compared with the truc mean obtained by intograting an indicator
card; the error was over 700 Uurcent. Second, cven if the mano-

meter did indicate the btruc nsan, it still vould be a poor
criterion for comporing engino power lesses becausc the power

loas depends on the bock prossure during the last part of the
exioust strole, and not on the moean prossurce

¥

ryomonner by o mereury monomcher connccted to the coxhaust
near th; cylindore Some of tho results are sh v in figure
16s It will be observed thnt the same powcr lose or thrust oy
bz obtaincd at nany different values of bock pres uro, depending
on the size and shape of the exhoust staci. Convcr"clv, o gilven
valuc of back pressurc may correspond to widely differcrt values
of thrust and power loss for differ:nt stacks. For oxu;p]o, at
a back pressurc of leb inches of mercury, the povier loss is zcro
for the S0«ineh stoel with no restriction, and 5 percent for

the l4=inch staclk vith cn exit area of 2,9 squarc inchese The
raspoctive thruste arc 1546 pounds and 17.0 poundss

Baclk prﬁssumes wors mneasured in these tests in the
b

Paramcters

In refercnce 1 it wos possible to correlate o large number
of test points for variocus nozzles, engine sveeds, inbuko-port
pressurcs, ond exhoust »nressures by the usc of two paramsters
wnesce units arc foct per scconds Thoess paranetors ores

> —

M
e

- = . DA

Moon exhaust=szns jot velocity V _, cnd the function -0
N

v, sirust/{mess £low of cxhaust), feot por second

P atnospheric pressur

o ¢, pounds per sagusrc oot



A nozzle area, squares foeb
Me iess flow of exhioust, slugs per second

The mean exhoust=gas jet velocity represents the equivalent
steedy veloolty w hich would produce the observed thrust at the
sae mass flowe The second parancter is the reciprocal of the
expression for velocity in the continuiby equation {with the
addition of gravity and the ouilssion of temperature and the gas
constant), Whon these porameters were plotted against each

other, the points in reference 1 =il fell on & snooth curves
When the date from thse Prott & Whitney tests are nlotted
in this way, the points for differ at lengths of exhoust vipe

should fall on separnate curves because of the observed differences
in thrusts Plots ore showan in figures 17 end 18 for pipe lengths
of 14 inches and 50 inohas, resy ecblvely. The nlotted points
sover speeds from 1500 to 2700 rmm, and intae-nort pressurses
from 30 to 57 inches of %ercurv sbsolutes The points for the
rocp Life ripe lengbhs will bo seen to full fairly near hwo

e , @imilar to the curve in reference le If indie-
e devn tkrﬁ“¢% he date for ench speed and
nozzle9 it ! ¢t 108t of them coress the mean
Curvc. At h honowers thewr GVCR tﬁdd to hool and roverse thelr
directione e 4 L : cross the necan curve
evidently depends on theo 1cngth of pipce The individual curves
for the l4«inch vipe tend Lo be nore ncerly horizontal than the
a0 curve; for the HC-inch pips they are nore nearly verticole
The facht that ths tosts of roference 1 were made with
intermediate longth of pipe may cxplain why bebter correlation
woes founde. '

The valuc of o plot of this type is that it ecnobles the
user to determine the thrust Uor gilven valucs of nozzle area
altitude pressurc, and exhoust aass flowes However, until it
is confirmed by more exbeunsive testing, it should be used with
caution for extreme conditionse In refercncce 1 excellent
corrclation was found at low cngine power and ot cxhaust prcssures
from 30 to 12 inches of mercury absolutce. The Pratt & Whl*noy

3

tests at sca=lovel cxhuust pressure aand high engine pover give
only fair correlatione Just how woll these curves would represent

R

hese
the thrust ot low exhaust pressurc ond high ongine power remains
to be loarneds



COECLUSIQNS

le The thrust produced by an cexhauvust nozzle for givon
enginc=-operating conditicns depencts on ibs exit area, thoe
length of pipe between the cylinder and nozzlc, and on the
longth of the rcducedw-aren scetion of the nozzlao,

2¢ The effect of en oxhaust vozzlﬂ on cngine power
depends on its exit arsa and the length off pipe hetieen tho
cylinder and nozzle,

3¢« Bya roper OhDiC“ of exhaustmpipo length and nozzle
sizo, it © quive lent to o cone
tinous nds ¥ cylinder at the
prosent nilithry roating of the R=280C engine ot sea lovel

without any 5 In cngins power. iles per hour, this
amounts to 300 horscnowers Greater thruste may be cxpeched
at altitudos

4o In genernl, restricting tho stack outlet doss not
appear to be advisable beoaouse of the adverse offoct on tolio-
of' f powcre

Se AL o given ranifold pressure, the injecbtion of water
into the intnke pipe cruscs o slight incrcasc in exhoust gns

6s 'The practice of Jjoining exhaust stocks from non-

cylinders into o commmon cxit avpears to boe ontirely

satis i“QbOTVo Thore is some cvidenco that this system mey
acbually incrcasce ongine povcrs

Te The moan exhaust back pressurc, n50
meter in an individual stack, doos not detsrmine o
thrust or the cngine oower 1053



10

SHDATTONS

Since tho only availabls cdate for predicting exhaust
thrust and power loss ot altitude arc based on tests of a Wright
1820 cylindor ot low specific ocubput (refercnce 1), it is
rocoumended that tests of an R-2800 cylinder ot high specific
output bce conducted under altitudce conditions, similar to the
sca=lcvel tests reoorted horeine

Roserrelh Division,

United Aircraft Corporotion,
Bast Hartlord; Conus

REFRRENCE

le  Piniel, Berjerin, Turncr, L. Richard, and Voss, Frcde
ign of Nozzlcs for the Tndividual Cylinder Bxhaust
Jot Propulsinn Systems MACA ACR, Acril 1941,
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Figure 3.~ Effect of stack area. Total exhaust-stack length, 14 in.;
engine rpm, 2700; restriction at exit; fuel/air, .Q85.
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4.~ Effect of stack area. Total exhaust-stack length, 14 in.;
engine rpm, 2550; restriction at exit; fuel/air, .085,
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Figure 5.~ Effect of stack area. Total exhaust-stack length, 14 in.;
engine rpm, 1500; restriction at exit; fuel/air, .065.
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Figure 6.~ Effect of stack area, Total exhaust-stack length, 33 in.;
engine rpm, 2700; restriction at exit: fuel/air, .085.
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engine rpm, 2700; restriction at exit; fuel/air, .085.
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Figure 9.- Effect of stack area. Total exhaust-stack length, 50 in.;
engine rpm, 2550 restriction at exit; fuel/air, .085,
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Figure 10.- Effect of stack area. Total exhaust-stack length, 50 in.;
engine rpm, 1500; restriction at exit; fuel/air, .065.
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pressure, 50 in. Hg abs; restriction at exit; fuel/air, .085
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